This work presents the design and development of a thermoelectric generator intended to harness waste heat in a biomass power plant, and generate electric power to operate sensors and the required electronics for wireless communication. The first objective of the work is to design the optimum thermoelectric generator to harness heat from a hot surface, and generate electric power to operate a flowmeter and a wireless transmitter. The process is conducted by using a computational model, presented in previous papers, to determine the final design that meets the requirements of electric power consumption and number of transmissions per minute. Finally, the thermoelectric generator is simulated to evaluate its performance. The final device transmits information every 5 s. Moreover, it is completely autonomous and can be easily installed, since no electric wires are required.
INTRODUCTION
Mankind utilized renewable energy sources (including solar, wind, and water) from ancient times until the arrival of the Industrial Revolution, when, due to low oil prices, they were virtually abandoned. In recent years, rising prices of fossil fuels and environmental problems associated with nuclear power plants are boosting a revival of renewable energy. Along with that, a new mentality on energy management is arising, focused on efficiency, sustainability, and promotion of decentralized energy production.
Although energy production mainly involves high-power (MW) generation, there are also research lines on low-power (kW and W) generation. Proofs of this fact are all the small appliances and electronics not connected to the electric grid, such as mobile phones, audio devices, radios, etc., which require batteries to operate. The problems concerning these batteries have much to do with their limited life and the use of certain chemicals proven harmful to the environment.
Application of thermoelectric technology in these devices is increasing in importance, so that conventional batteries are being replaced by small, cheap, efficient thermoelectric generators. As an example, one of the pioneering applications of this technology dates back to the 1980s 1 and involved the use of heat emitted by the human body to power a wristwatch using thermoelectric technology. The biggest drawback was the excessive hardness and brittleness of this device, typical of semiconductor materials. This disadvantage seems to be solved now with the inclusion of thin-film thermoelectric generators, which are more flexible and compact. Other applications use solar energy 2 or heat produced in the decomposition of small amounts of radioactive isotopes. 3 This work studies and develops a thermoelectric generator to harness waste heat in a biomass power plant, specifically hot surfaces at temperatures below 150°C, and generate electric power to operate sensors and the required electronics for wireless communication. Waste heat is a permanent source of wasted energy not used in any subsequent process.
The thermoelectric generator is composed of several ENERKIT SC-127-10-15 modules, 4 arranged thermally in parallel and connected electrically in series, which harness heat from a heat source attached to them, transform part of it into electric power, and emit the rest to the environment through a finned dissipator. In this paper, finned dissipators with natural convection are used.
A mathematical model that simulates the operation of a thermoelectric generator, developed by our research group, [5] [6] [7] is used as a design and optimization tool throughout this work. This computational model includes the effect of the heat exchangers, which allows us to consider the complex interactions between heat flows. Moreover, it considers the influence of the electrical load resistance, so we can determine the current-voltage curves corresponding to the thermoelectric generator. These curves allow us to develop the required electronics for the thermoelectric modules, so that they work at matched load resistance and provide the maximum electric power.
HOT POINTS AND SENSORS IN THE BIOMASS POWER PLANT
First of all, it is necessary to survey the thermodynamic cycle of the biomass power plant in order to identify all the potential hot points where it might be interesting to install thermoelectric generators. Only after analyzing both the surface and the available temperature at every point can one provide the optimal locations for their application.
The plant presents 25 MW of installed power, working around 8000 h per year with biomass (straw) consumption of 160,000 tons per year. Figure 1 shows a schematic view of the steam cycle. This is a typical Rankine cycle that converts heat energy from the combustion of biomass into work. The Rankine cycle uses water as the working fluid. The energy supplied by the combustion produces water vapor in a high-pressure boiler. Then, the vapor is expanded in the turbine to generate mechanical work. After that, the low-pressure steam from the turbine goes through a heat exchanger, where it becomes liquid after transferring heat to a cooling stream from a nearby river. Subsequently, a pump increases the pressure of the fluid and guides it back into the boiler, thus closing the cycle. Apart from these basic components, there exists auxiliary equipment that increases the efficiency of the installation, such as preheaters, degassers, etc. For proper operation, the plant also uses a large number of sensors (pressure, temperature, flow, pH, etc.) that require electric power to operate, supplied by batteries or the electric grid through wires. Our design of thermoelectric generator intends to remove both the batteries and the wires.
The most important factors when selecting a hot point are the accessibility, the hot temperature, and the temperature of the environment. Moreover, the installation of the thermoelectric device must not affect the normal operation of the plant.
After analyzing both the Rankine cycle of the power plant and all the sensors, we concluded that the most interesting hot points to install thermoelectric generators are the following four:
Smoke filter: Exhaust gas at 140°C from the combustion boiler enters the filter, which removes the solid particles, before going up the chimney. Chimney: At the top of the chimney, exhaust gas is at 140°C. Ignition air flow: Close to the boiler, this air heats a surface at 100°C. Degasser: This component can be found just before the pump that leads to the boiler. The fluid inside is at about 185°C, so that the attaching surface is at around 150°C. Table I presents approximate values of the maximum electric power produced by the generator (W TEG ) at different hot points of the plant (final results from Table III) . Then, the heat flow transferred from the hot point to the generator is provided by Eq. 1, where the efficiency (e TEG ) is considered to be around 3%, a usual value for this kind of thermoelectric generator.
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Then, Eq. 2 provides the temperature drop in the corresponding fluid (steam, air or exhaust gas) due to the heat transferred to the thermoelectric generator, with the mass flow ( _ m i ) and specific heat (c p ) of the different fluids as indicated in Table I .
In all the cases, the mass flow rate of the fluid is high enough not to be influenced by the thermoelectric generator, so that the temperature of each hot point can be considered constant.
The temperature of the environment inside the power plant ranges from 20°C in winter to 40°C in summer; outside, it ranges from 0°C to 30°C.
Measurement equipment and sensors currently used in the power plant, and suitable to be connected to the thermoelectric generator, are the following:
Flowmeter FV4000 and transmitter 10VR1311 AK45A32 A1A, ABB (combined load resistance of 650 X) TH02 temperature transmitter with Pt100 V11518-1301, ABB (combined load resistance of 600 X) pH transmitter PH402G/U from Yokogawa (combined load resistance of 550 X)
In Fig. 2 , one can see a possible integration of the thermoelectric generator on the surface of the chimney and the degasser.
COMPUTATIONAL METHOD AND METHODOLOGY
The objective of this section is to determine the influence of the dissipator thermal resistance and the number of modules on the electric power produced by the thermoelectric generator, in order to select the optimal configuration. Simulations provide the cited influence, which will lead to the construction of different prototypes in subsequent work. The load resistance connected to the thermoelectric modules also has a strong influence on the electric power generated. The maximum power is achieved at half the open-circuit voltage, which occurs when the load resistance is equal to the internal resistance of the modules. The simulations consider load resistances from 0 X to 1000 X.
Computational Model
The computational model developed by our research group [5] [6] [7] requires as input parameters the temperatures of the hot point and the environment (hot and cold reservoirs), as well as the thermal resistances and thermal capacities of the components of the thermoelectric generator. No other experimental temperatures are required. Then, the model determines all the heat flows and temperatures of these components, as well as the efficiency, voltage, electric current, and electric power generated.
The model solves the nonlinear set of equations composed of Fourier's law and the thermoelectric effects, namely Seebeck, Peltier, Joule, and Thomson, all of them temperature dependent, using the finite-difference method. This method requires the reduction of the whole system to a mesh of representative nodes, each one connected to the surrounding nodes by thermal resistances. Likewise, each node has a thermal capacity that sets the variation rate of its temperature. This method replaces the three-dimensional Fourier law with the corresponding implicit finite-difference expression, provided by Eq. 3, which must be applied to all the nodes of the system. Fig. 3 . Scheme of the thermal-electric analogy of the computational model.
The discretization of the thermoelectric generator uses symbols from an electric analogy, as seen in Fig. 3 . The hot reservoir, the cold reservoir, and the dissipator are represented by a single node each, whereas the thermoelectric modules require a series of nodes to obtain accurate results. The thermal resistances between connected nodes (R i,i+1 ) and the thermal capacities (C i ) are input parameters of the model, both of them depending on the geometry and the thermal properties of the components, highlighting the use of the model as a design and optimization tool.
The computational model calculates temperatures for the instant of time s, updates the corresponding thermal resistances, thermal capacities, and heat flows, and finally calculates the temperatures for the instant of time s + ds. Every step represents a real state of the system, highlighting that the model is capable of simulating both steady and transient states. It should be noted that the model is deterministic, since no randomness is included in the input parameters.
All the input parameters can be easily modified, thus allowing the simulation of a huge variety of cases. The input parameters are classified into the following groups: thermoelectric module design (materials and geometry), thermal resistance of the dissipator, electrical load resistance, temperatures at the cold and hot reservoir, and number of modules.
The output variables are the temperature of each node, heat flows produced by the thermoelectric effects and transferred between nodes, voltage, electric current, and electric power generated, all of them provided as functions of time. Figure 4 shows the influence of this thermal resistance (R d ) and the load resistance (R l ) on the electric power generated by four thermoelectric modules (each one presenting an electric internal resistance of 4 X and being composed of 127 pairs), given a temperature difference of 80°C between the hot and cold reservoirs. This temperature difference can be assumed constant, as was demonstrated in Table I .
Simulation Results

Influence of the Thermal Resistance of the Dissipator
This figure shows that the electric power drops dramatically when the thermal resistance of the dissipator increases slightly. The same applies to the load resistance, albeit with a less significant influence. These simulations show that the electric power increases as the load resistance approaches the internal resistance of the four modules connected in series, so that the voltage approaches half the open-circuit voltage, as explained before.
In conclusion, for a thermal resistance of the dissipator above 1.5 K/W, the electric power is reduced by more than 75% with respect to that obtained with the best thermal resistance (0.23 K/W), and the application is not feasible. The load resistance also has a great influence on the electric power, but this is a design parameter imposed by the internal electrical resistance of the sensor and the corresponding transmitter. Figure 5 shows the influence of the number of thermoelectric modules (from one to four) on the electric power produced by the thermoelectric generator, given a temperature difference of 80°C between the hot and cold reservoirs. A finned dissipator with base area of is proposed. The computational fluid dynamics software ANSYS-FLUENT provides its thermal resistance as a function of the number of modules, being 0.92 K/W when only one module is installed. Many examples of this methodology can be found in the literature. 11 Then, each module is considered to have its own 81 mm 9 81 mm dissipator with 0.92 K/W thermal resistance. Therefore, if four modules were installed, the equivalent thermal resistance would be 0.23 K/W, as Fig. 6 , on the right, points out.
Influence of the Number of Thermoelectric Modules
The electric power rises with increasing number of modules, which seems obvious since the temperature difference between the hot and cold reservoirs remains constant. Likewise, the maximum power is reached when the load resistance matches the internal resistance of the modules, which increases from 4 X to 16 X as the number of modules increases from one to four. Although installing one dissipator per module significantly improves the electric power generated, it also increases both the cost and the required space, which may be constricted inside the power plant. Thus, a second option would be to install a single dissipator for all the modules, as shown in the central picture of Fig. 6 . Again, a finned dissipator with base area of 81 mm 9 81 mm is proposed. A methodology similar to that used in the previous case 11 shows that the thermal resistance of the dissipator turns out to be 0.70 K/W when four modules are installed, which is significantly higher than that obtained for four modules and four dissipators (0.23 K/W) but slightly lower than that for one module and one dissipator (0.92 K/W). Two reasons explain this fact: On the one hand, given a fixed dissipator, the thermal resistance per module increases as the number of modules increases, since the dissipation area per module also decreases; On the other hand, as the number of modules increases, the effect of constriction on the heat transfer from the modules to the dissipator causes a reduction in the thermal resistance of the dissipator, 12 since the modules cover almost all the base area of the dissipator and the heat flow is more evenly distributed along this surface.
As a result, Fig. 7 indicates that the electric power still rises with increasing number of modules, but not as abruptly as in the case presented in Fig. 5 . In that case, the maximum electric power for four modules reached 2.5 W, whereas it hardly reaches 1 W now. This fact demonstrates the great importance of thermal design and heat transfer management for thermoelectric generators.
SELECTED CASE
The proposed prototype thermoelectric generator can include from one to four thermoelectric modules and a finned dissipator with base area of 81 mm 9 81 mm. Its thermal resistance varies again from 0.70 K/W to 0.92 K/W, depending on the number of modules. The selected sensor is a Vortex FV4000 flowmeter with its corresponding ELSELMA TXA 15101E transmitter, presenting a combined load resistance of 650 X, which is quite high compared with the internal resistance of the modules. This is the reason why the electric power presented in Fig. 8 is an order of magnitude lower than the maximum presented in Figs. 5 and 7. Likewise, Table II presents the electric power for some specific temperature differences between the hot and cold reservoirs that can be found in the biomass power plant.
The generated power ranges from 0.01 W to 0.11 W, being insufficient to supply the 3 W that the Vortex FV4000 flowmeter and its transmitter require to provide continuous information. The proposed solution involves emitting discontinuous signals instead, so that the electric power generated by the modules continuously supplies a rechargeable battery that is discharged from time to time to power the sensor. The energy required to emit one signal is 3 J and takes 1 s, so if the signal is sent only once every minute, 0.05 W of electric power is enough to store the cited 3 J in a battery between two subsequent emissions. As an example, Table II indicates that the power produced for an 80°C temperature difference between the hot and cold reservoir is 0.0593 W; then, a time period of 51 s is needed to store the 3 J required by the sensors and transmitters to emit one signal.
In this application, the thermoelectric generator would be connected to a battery, which is assumed to have a similar load resistance to the sensor (650 X). One improvement would be to develop and install an electronic circuit between the modules and the battery that made the modules work at matched load. Figure 9 shows a schematic diagram of such an electronic circuit, which would make the modules feed the battery at maximum electric power. Table III presents the simulations for a thermoelectric generator composed of four modules working at the optimum point (matched load of 16 X, when the voltage is half the open-circuit voltage), with 0.70 K/W thermal resistance of the dissipator, and the cited electronic circuit feeding a battery of 650 X. The thermoelectric generator, in this case, could be installed at any of the selected heat sources in the plant and would produce enough power to store the required energy to operate the sensors and transmitters in a few seconds. The degasser would be the hot point for which the signal could be emitted with higher frequency, specifically every 1.64 s, since this is the point with the highest temperature.
CONCLUSIONS
Several sources of waste heat in a biomass power plant have been examined to serve as heat sources for thermoelectric generators intended to supply electric power to autonomous, independent sensors. The most interesting are the chimney (127°C between the heat source and the environment), the smoke filter (127°C), the ignition air flow (70°C), and the degasser (140°C). In parallel, a thermoelectric generator has been designed and studied. This methodology includes ANSYS-FLUENT simulations to calculate the thermal resistance of the finned dissipator, which ranges from 0.70 K/W to 0.92 K/W, depending on the number of modules installed in the thermoelectric generator.
Finally, a computational model has been used to assess the influence of various factors on the electric power generated. The first conclusion indicates that both the thermal resistance of the dissipator and the load resistance are the most influential factors, so that a slight increase in any of them dramatically reduces the electric power produced by the thermoelectric generator. Secondly, an increasing number of modules always lead to an increase in the electric power. Finally, the best option is to use multiple modules per dissipator, thus reducing cost and eliminating the problems associated with space availability. The thermoelectric generator is not capable of continuously feeding a Vortex FV4000 flowmeter and its corresponding ELSELMA FV4000 TXA15101E transmitter, but the electric power could be stored in an intermediate battery that allows emission of a signal every minute.
Finally, we have developed an electronic circuit that allows the generator to work at optimum power and increase the electric power supplied to the battery. Thanks to this electronic circuit, the time required to charge the battery and emit the signal was reduced to less than 5 s.
